During wound healing, fibroblasts transition from quiescence to a migratory state, then to a contractile myofibroblast state associated with wound closure. We found that the myofibroblast phenotype, characterized by the expression of high levels of contractile proteins, suppresses the expression of the pro-migratory gene, MMP-2. Fibroblasts cultured in a 3-D collagen lattice and allowed to develop tension showed increased contractile protein expression and decreased MMP-2 levels in comparison to a stress-released lattice. In 2-D cultures, factors that promote fibroblast contractility, including serum or TGF-β, down-regulated MMP-2. Pharmacologically inducing F-actin disassembly or reduced contractility increased MMP-2 expression, while conditions that promote F-actin assembly suppressed MMP-2 expression. In all cases, changes in MMP-2 levels were inversely related to changes in the contractile marker, smooth muscle α-actin. To determine if the mechanisms involved in contractile protein gene expression play a direct role in MMP-2 regulation, we used RNAi-mediated knock-down of the myocardin-like factors, MRTF-A and MRTF-B, which induced the down-regulation of contractile protein genes by fibroblasts under both serumcontaining and serum-free conditions. In the presence of serum or TGF-β, MRTF-A/B knock-down resulted in the up-regulation of MMP-2; serum-free conditions prevented this increased expression. Together, these results indicate that, while MMP-2 expression is suppressed by F-actin formation, its up-regulation is not simply a consequence of contractile protein down-regulation.
Introduction
Fibroblasts in uninjured tissue reside in a quiescent state, but in response to injury become activated to a migratory phenotype which enables these cells to migrate through tissue undergoing repair [1, 2] . These activated fibroblasts play an important role in extracellular matrix production and turnover during early wound healing. Over time, tension develops in the wound, and these cells un-dergo a phenotypic transition to become contractile myofibroblasts, which are responsible for wound closure and are characterized by large focal adhesions, prominent stress fibers, and high levels of contractile proteins including SM α-actin and SM-22α [1, 3] . During tissue repair, defects in myofibroblast differentiation delay healing. As wound healing progresses, the myofibroblast population disappears; failure to reduce myofibroblast populations can lead to pathological contractures and fibrosis [1, [4] [5] [6] .
The myofibroblast both exerts tension on, and responds to tension in, its environment [7] . In early wounds, or in compliant 2-D or 3-D culture environments such as unattached collagen gels, fibroblasts are unable to exert significant force, inhibiting focal adhesion and stress fiber development [7] . As wounds progress, the matrix environment stiffens, facilitating the transition to the myofibroblast phenotype. Mechanistically, this involves a feedforward mechanism that promotes an ever-increasing ability to exert tension; as tissue stiffens, the expression of contractile proteins is increased, thus enabling the development of more tension. Mechanical regulation of contractile gene expression is critical to phenotypic switching by fibroblasts. Recent studies have uncovered the links between changes in the actin cytoskeleton and subsequent changes in gene transcription relevant to the contractile phenotype [1] . Many of these contractile proteins, including smooth muscle (SM) α-actin, SM-22α, and calponin, are co-regulated at the gene level, along with the genes for other proteins involved in matrix attachment, cytoskeleton remodeling, and other processes, in a program of gene expression termed the "CArGome", based on the presence of one or more functional CArG elements [CC(A/T) 6 GG] in their promoters [8] . CArG elements bind SRF, which itself associates with a number of co-activators and co-repressors [8] [9] [10] . A subset of CArG-containing genes is mechanically regulated by the actions of the SRF-binding, myocardin-related transcription factors, MRTF-A/MAL and MRTF-B [10] [11] [12] [13] . MRTF-A and MRTF-B are sequestered through association with G-actin, and are liberated to facilitate the coordinated expression of contractile protein genes by Factin formation [14, 15] . Thus, mechanical regulation of gene expression is of particular relevance to the phenotypic transition of fibroblasts to myofibroblasts. We have recently shown that myofibroblast differentiation is critically dependent on MRTF-A and MRTF-B [16] .
Activated fibroblasts express a number of ECM proteins, as well as proteases that modify the extracellular matrix, including many of the MMP family of enzymes. MMPs have been generally associated with matrix turnover and cell invasion, but are now known to participate in a variety of other important functions that result from protein activation, inactivation, or cell-surface liberation [17, 18] . MMP-2, which is typically expressed by activated fibroblasts, was originally thought to be involved strictly in matrix turnover, but likely plays many other roles, given its wide range of biological substrates [18] . These roles include activation or inactivation of growth factors, release of cryptic factors from ECM, and shedding of adhesion proteins, all of which are important to cell migration. For example, MMP-2 dampens the inflammatory response during healing by cleaving a number of pro-inflammatory cytokines to inactivate them [17] . MMP-2 can also activate TGF-β [19, 20] , which in turn can promote the fibroblast-to-myofibroblast transition. In VSMCs, increased MMP-2 expression is a hallmark of the transition to a migratory phenotype, particularly in response to PDGF-BB [21] [22] [23] [24] . We have found that factors that oppose this phenotypic switch, including TGF-β, block MMP-2 up-regulation, and that the expression of MMP-2 is inversely related to that of contractile protein markers [23, 25] . Unlike VSMCs, fibroblasts do not maintain a contractile apparatus, but must be induced to express contractile proteins [1] . At present, it is not clear how MMP-2 expression by fibroblasts is controlled as they go through the phenotypic transitions associated with wound healing. We have previously shown that the activation of MMP-2 by fibroblasts can be accelerated by changes in the actin cytoskeleton [26] , suggesting that MMP-2 may be mechanically regulated. Here, we investigated the hypothesis that, similar to CArG-containing genes, MMP-2 is also regulated by the actin cytoskeleton.
Materials and methods

Cell culture
Rat embryonic fibroblasts (REF-52), obtained from Dr. Boris Hinz (University of Toronto, Toronto, Canada), were cultured in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 1% sodium pyruvate (Sigma, St. Louis, MO), and antibiotic/antimycotic (Sigma). All experiments were performed using cells between 40 and 50 passages [27] . Myofibroblasts were generated by stimulating REF-52 cells in supplemented DMEM with 0.25 ng/ml TGF-β1 (Peprotech, Rocky Hill, NJ), as previously described [16] . Rat dermal fibroblasts (RDFs) were obtained from a 42-day old male Sprague-Dawley rat (Charles River Laboratories International, Inc., Wilmington, MA) using a primary explant technique [28] and stored in liquid nitrogen. Cell lines were initiated for culture by thawing an aliquot of cells and culturing them in DMEM supplemented with 10% fetal bovine serum supplemented with 1% sodium pyruvate and antibiotic/ antimycotic. All experiments using RDFs were performed before passage 4.
For studies involving 3-D collagen lattices, RDFs were cultured in attached and released collagen lattices as previously described [26, 29, 30] . Briefly, a 1.0 mg/ml collagen solution (Millipore, Billerica, MA) containing 6.25 × 10 4 cells/ml was prepared, and 0.25 ml drops were deposited onto tissue culture plates (Techno Plastic Products AG, Switzerland). Lattices were cultured for 5 days in complete media with 1 ng/ml TGF-β1, with fresh TGF-β1 added at 2.5 days. After 5 days in culture, half of the lattices were left attached to the culture dish and half of the lattices were released to float in the medium. After 24 h, total RNA was extracted from 4 to 5 lattices per treatment group using 1 ml of TRIzol Reagent (Invitrogen). For 2-D cultures, cells were cultured to confluence in serumcontaining medium; cells grown on coverslips for immunocytochemistry were typically sub-confluent. In some cases, cells were serum-starved for 48 h with DMEM containing 0.2% lactalbumin hydrolysate and antibiotic/antimycotic. This culture environment synchronizes the cell response to growth factor stimulation, which was performed using fresh serum-free medium supplemented with the growth factors or inhibitors of interest. Growth factors included recombinant human IGF-1 and CHO cell-derived TGF-β1 (both from PeproTech, Inc., Rocky Hill, NJ), α-thrombin and ET-1(EMD Chemicals, Inc., San Diego, CA), and S1P (Cayman Chemical, Ann Arbor, MI). Inhibitors included 0.5 μM Jasplakinolide and 10 μM Y-27632 (both from Calbiochem, San Diego, CA), 50 μM blebbistatin (Toronto Research Chemicals, North York, Ontario, Canada), and 1 μM latrunculin B (Lat B) (Biomol, Plymouth Meeting, PA).
Reverse transcription-PCR and real-time PCR
Total RNA was extracted from cultured cells using Trizol Reagent (Invitrogen) per the manufacturer's protocol. RNA (5 μg) was reverse transcribed using the Superscript III cDNA Synthesis Kit (Invitrogen) primed with random hexamers plus oligo(dT). 4 μl of diluted cDNA was added per 10 μl of a mixture of PerfeCTa SYBR Green SuperMix Reaction Mix for iQ (Quanta Biosciences, Gaithersburg, MD) plus oligonucleotide primers for MMP-2, SM α-actin, and MRTF-A [16, 23, 25] . Amplification was performed in a Bio-Rad iCycler (Bio-Rad) and the comparative cycle at threshold (Ct) method was used to determine relative changes in mRNA levels.
siRNA transfections REF-52 cells were pre-treated for 72 h with TGF-β1 (0.25 ng/ml; Peprotech, Inc., Rocky Hill, NJ) to promote myofibroblast differentiation [29] . Cells were then transiently transfected with 120 nM total On-Target Plus siRNA pools specific for MRTF-A and MRTF-B or a control Non-Targeting siRNA Pool (Dharmacon, Lafayette, CO), using Dharmafect 2 (Dharmacon) transfection reagent. The target sequences for the siRNA pools have been previously described [16] .
Zymography and Western blots
Cells were lysed in SDS sample buffer, and lysates were evaluated for protein content by bicinchoninic acid assay (Thermo Scientific, Rockford, IL). Equal amounts of protein were assayed by Western blots to detect SM α-actin and β-tubulin, as described [16] . Zymography of conditioned medium was performed using gelatin SDS-PAGE gels, as previously described [23] .
Immunolabeling and imaging
REF-52 cells grown on glass coverslips were fixed in 4% paraformaldehyde (Polysciences, Inc., Warrington, PA) for 60 min, rinsed, permeabilized with 0.5% Triton-X 100 in PBS, then treated with 10% normal goat serum, 5% bovine serum albumin, 1% fish gelatin plus 0.5% Triton X-100 in Hank's Buffered Saline Solution (pH 7.2) to block non-specific labeling. Cells were then incubated overnight at 4°C in rabbit anti-vinculin (diluted 1:400 in blocking solution; Sigma-Aldrich #V4139). Cells were rinsed and incubated in a combination of goat anti-rabbit conjugated to AlexaFluor488 (diluted 1:200 in blocking solution) and phalloidin conjugated to AlexaFluor568 (diluted 1:40; both from Invitrogen-Molecular Probes, Carlsbad, CA) for 75 min at room temperature. After rinsing, coverslips containing labeled cells were mounted onto glass slides using Prolong Gold + DAPI (Invitrogen-Molecular Probes). Labeled cells were imaged using an Olympus IX70 epifluorescence microscope (Olympus America, Center Valley, PA) and QICAM camera controlled by QCapture software (QImaging, Surrey, British Columbia, Canada). Figures were prepared by calibrating image scale, exporting to Photoshop (Adobe, Mountain View, CA), and adjusting brightness and contrast to highlight specific labeling.
Results
Inducing actin cytoskeleton disassembly promotes MMP-2 expression
Cultured fibroblasts acquire the myofibroblast phenotype in the presence of serum and/or TGF-β [16, 29] . Myofibroblasts are characterized by large focal adhesions, prominent stress fibers, and enhanced expression of contractile marker proteins such as SM α-actin and SM-22α [1] . We have previously shown that MMP-2 expression is inversely related to contractile protein expression, at least in VSMCs [23] . To determine if a mechanistic link exists between MMP-2 and contractile protein regulation, we used cultured rat embryonic fibroblasts, REF-52, which we and others have used to study the mechanical regulation of gene expression in fibroblasts [16, 31] . We grew REF cultures to confluence in serum-containing medium, then stimulated them with Blebbistatin, an inhibitor of myosin IIA, or Y-27632, a Rho kinase inhibitor, to determine how pharmacologically reducing force generation would influence MMP-2 message levels. We found that both inhibitors led to up-regulation of MMP-2 message and decreased SM α-actin message in serum-containing medium ( Fig. 1) , consistent with the changes in MMP-2 and SM α-actin message levels observed with RDFs cultured in collagen lattices and serum-free conditions.
To determine if F-actin disassembly itself directly affected MMP-2 expression, we cultured REFs in serum-containing medium, then treated them with Lat B, which promotes actin fiber disassembly and G-actin formation [32] . Lat B increased MMP-2 mRNA expression 5-fold and decreased SM α-actin message levels by approximately 50% ( Fig. 2A) , consistent with the alterations in MMP-2 and SM α-actin mRNA levels observed in RDFs cultured in compliant collagen lattices. These findings confirmed that disassembly of F-actin increases MMP-2 mRNA levels. To determine if increasing cell contractility would suppress MMP-2 message expression as expected for a mechanically regulated gene, we cultured REFs under serum-free conditions, then challenged them with thrombin or ET-1, factors known to promote fibroblast contraction [33, 34] .
ET-1 treatment down-regulated MMP-2 message by about 35% compared to serum-treated control (Fig. 2B ). In contrast, treatment with Lat B did not alter MMP-2 message levels significantly. Treatment with ET-1 and Lat B together produced only a small, but statistically significant, reduction in MMP-2 message levels, indicating that preventing F-actin assembly also inhibited ET-1-driven reduction of MMP-2 message, consistent with actindependent regulation of MMP-2 mRNA levels. SM α-actin mRNA levels were not altered by ET-1; however, treatment with Lat B severely down-regulated SM α-actin mRNA levels. Stimulating cells with thrombin ( Fig. 2C) or S1P (not shown), which induce Ca 2 + flux and contraction similar to ET-1 [35] , similarly downregulated MMP-2 mRNA and up-regulated SM α-actin mRNA. TGF-β, which promotes the transition to the myofibroblast phenotype, strongly down-regulated MMP-2 message (Fig. 2D) . Lat B only partially rescued MMP-2 message levels (Fig. 2D) . As expected, TGF-β strongly up-regulated SM α-actin message, but was not able to up-regulate SM α-actin message in the presence of Lat B (Fig. 2D ). This suggests that TGF-β acts partially through actin cytoskeleton-independent mechanisms to suppress MMP-2 mRNA levels. Together, these results suggest that promoting Factin assembly and a more contractile, myofibroblast-like phenotype suppresses MMP-2 expression.
Rat dermal fibroblasts suppress MMP-2 expression when cultured in conditions that promote contractility
We next wished to determine if fibroblasts grown in a 3-D collagen lattice would alter MMP-2 expression in response to changes in lattice mechanical properties. To do this, we used rat dermal fibroblasts (RDFs), which we have found attach and spread well in lattices, something REFs do quite poorly. When cultured on plastic in serum-free conditions, RDFs had poorly organized stress fibers and few, small, vinculin-positive focal adhesions (Fig. 3A) . In contrast, treatment of serum-starved cultures with serum-containing medium or serum-free medium plus 1 ng/ml TGF-β1 resulted in the formation of large, well-organized stress fibers and numerous, large, vinculin-positive focal adhesions (Fig. 3A) . When we evaluated the expression of MMP-2 and SM α-actin under these conditions, we found that serum down-regulated MMP-2 message levels by over 70%, while SM α-actin message was up-regulated by over 30-fold (Fig. 3B) . When cultured under serum-free conditions for 48 h, then challenged with TGF-β, RDFs showed a 3-fold up-regulation of SM α-actin message within 24 h, and a concomitant 50% decrease in MMP-2 message levels (Fig. 3C) . When cultured in 3-D collagen lattices attached to the substratum, RDFs exert force that leads to increased tension on the collagen matrix [1, 29, 36] . When collagen lattices are released from the underlying substratum, this tension is dissipated after an initial contraction, and lattices then remain in a state of reduced stress. This change in the tension environment resulted in a 6-fold increase MMP-2 message levels and a concomitant 90% decrease in SM α-actin mRNA (Fig. 3D) . Together, these results support the notion that environmental tension and the mechanical properties of fibroblasts have profound effects on MMP-2 expression, and that changes in MMP-2 mRNA expression are inversely related to changes in mRNA levels for SM α-actin, a key marker of the cell's contractile state.
F-actin assembly blocks IGF-1-induced MMP-2 up-regulation
To determine if changes in the actin cytoskeleton could prevent growth factor-stimulated MMP-2 up-regulation, we stimulated serum-starved REFs with IGF-1, a known mediator of cell migration [37] . This resulted in a decrease in SM α-actin protein levels in lysates obtained from IGF-1-stimulated versus non-stimulated cells (Fig. 4A ). This decrease was accompanied by a significant up-regulation of MMP-2 message levels, while SM α-actin message levels were somewhat reduced (Figs. 4B-E). This is in contrast to stimulation with ET-1, S1P, or thrombin, which suppressed MMP-2 and increased SM α-actin message levels. 9) . B-D, REFs were grown to confluence, serum-starved for 48 h, then challenged with 3 ng/ml ET-1 (B; n = 3), thrombin (C; n = 6), or 10 ng/ml TGF-β (D; n = 6). Total RNA was collected after 24 h for PCR analysis. Values are the mean +/− average deviation from the mean; significance was determined by one-way ANOVA with Tukey's Multiple Comparison test.
These G-protein-coupled receptor (GPCR) ligands promote fibroblast contraction through both Rho-and Ca 2 + -mediated actions [33, 38] , which together should increase F-actin formation and contractile protein expression. Co-stimulation with IGF-1 plus any of these GPCR ligands blocked the IGF-1-stimulated upregulation of MMP-2 message levels, and decreased MMP-2 message levels in comparison to treatment with IGF-1 alone. Cotreatment with TGF-β, which does not signal via a GPCR, showed little inhibition of the IGF-1 stimulated up-regulation of MMP-2 message. Zymography confirmed that release of MMP-2 into the culture medium paralleled the changes observed at the message level: ET-1 blocked the ability of IGF-1 to up-regulate MMP-2 expression, while TGF-β did not appreciably decrease MMP-2 expression (Fig. 4F) .
To confirm that the various growth factor treatments had the expected effects on the REF cytoskeleton, REFs were cultured under the various treatment conditions and then labeled using phalloidin and anti-vinculin to visualize F-actin stress fibers and focal adhesions, respectively (Fig. 5) . IGF-1-stimulated cells showed a reduction in stress fibers and focal adhesions. Costimulation of cells with IGF-1 in combination with either ET-1 or TGF-β blocked these changes, with cells showing increased stress fibers and more prominent focal adhesions. Treatment of cells with either ET-1 or TGF-β alone promoted stress fiber formation and increased focal adhesion size, as expected. These findings are consistent with the known effects of these growth factors and the changes in MMP-2 message and protein levels described earlier. Taken together, these studies indicate that changes in the actin cytoskeleton regulate MMP-2 expression at the gene and protein levels, consistent with mechanical regulation of MMP-2. Furthermore, these studies also show that expression of MMP-2 is regulated inversely to SM α-actin, a well-known mechanically regulated gene. Finally, these studies indicate that growth factor signaling can further modulate MMP-2 expression.
To more directly evaluate the role of F-actin in suppressing MMP-2 expression, we cultured REFs in serum-containing medium to promote the myofibroblast phenotype, then treated them with Jasplakinolide, a chemical enhancer of F-actin formation [39] . This resulted in an~80% reduction in MMP-2 message levels (Fig. 6A) . The already high SM α-actin levels did not increase significantly in response to Jasplakinolide. We next serum-starved REFs to promote a less contractile fibroblast phenotype, then stimulated cultures with IGF-1 in the presence of Jasplakinolide. We found that, with IGF-1 stimulation alone, MMP-2 message levels were strongly up-regulated, and SM α-actin message levels were down-regulated, as discussed earlier (Fig. 6B) . Jasplakinolide suppressed MMP-2 message levels and elevated SM α-actin message levels, regardless of the presence of IGF-1. These results further support the idea that F-actin formation inhibits the upregulation of MMP-2. Fig. 3 -Pro-contractile conditions suppress MMP-2 expression by rat dermal fibroblasts. A, RDFs were grown on glass coverslips, serum-starved for 24 h, then treated with serum-free medium or serum-free medium supplemented with 10% serum or 1 ng/ml TGF-β1. RDFs were fixed 24 h later, and stained with phalloidin and anti-vinculin antibody. For A-C, values represent the mean +/− average deviation from the mean; significance was determined by unpaired, two-tailed Student's t-test. Scale bar = 50 μm. B, RDFs were grown to confluence, and cultures were replenished with fresh serum-containing medium or serum-free medium. After 24 h total RNA was isolated for analysis by real-time PCR. (n =4) C, RDFs were cultured to confluence, serum-starved for 48 h, then switched to fresh serum-free medium plus 1 ng/ml TGF-β. Total RNA was isolated after 24 h for PCR analysis (n = 3). D, RDFs were cultured in attached collagen lattices for 5 days and either allowed to remain attached for 24 h or released and allowed to float in media for 24 h. Total RNA was isolated from RDFs in collagen lattices for PCR analysis (n = 6).
Increased contractility acts via a feed-forward mechanism to promote increased expression of contractile protein genes. This is directly mediated by the transcription factor, SRF, and its coactivators, MRTF-A and MRTF-B, which associate with G-actin, and are released upon the formation of F-actin [39] . Given that MMP-2 message was up-regulated under conditions that produced a concomitant decrease in SM α-actin expression and diminished F-actin stress fibers, we asked if there was a direct link between the mechanisms that regulate contractile proteins and those that suppress MMP-2 expression. We transfected REFs with an siRNA pool targeting both MRTF-A and B, then cultured cells in serum-free medium in the presence or absence of TGF-β. We have previously demonstrated that this strategy alters contractile protein expression in REFs [16] . For comparison, we cultured cells in parallel in serum-containing medium containing TGF-β to promote the transition to the myofibroblast phenotype. In all cases, MRTF-A message levels, which represent the majority of MRTFs expressed by REFs [16] , were decreased by 70% or more, with a concomitant decrease in SM α-actin expression (Fig. 7) . Cells treated with medium containing serum plus TGF-β, or treated with serum-free medium containing TGF-β, up-regulated MMP-2 message levels in response to MRTF-A/B knock-down. However, under serum-free conditions, MRTF-A/B knock-down resulted in no significant MMP-2 up-regulation. Taken together, these results indicate that, while actin dynamics regulate MMP-2 mRNA levels, this regulation is not directly mediated by the MRTFs alone.
Discussion
Mechanically regulated changes in contractile protein expression allow fibroblasts to fine-tune their responses to alterations in the mechanical properties of their extracellular environment during tissue repair. These same mechanical properties of the ECM may also influence the expression of genes associated with cell migration or matrix remodeling. Our studies examining the regulation of MMP-2, a factor important in modifying the extracellular environment during wound healing, suggest that this is, indeed, the case. Here, we demonstrate that conditions favoring contractile protein expression and the myofibroblast phenotype suppress MMP-2 expression, while conditions that reduce fibroblast contractility enhance MMP-2 expression. This suppression could be overcome by forcing the disassembly of F-actin, either through Fig. 4 -Factors that promote contractile protein gene expression suppress IGF-1-mediated MMP-2 up-regulation. A, REFs were cultured to confluence, serum-starved 48 h, then co-stimulated in serum-free medium with 25 ng/ml IGF-1 for 24 and 48 h. Lysates were evaluated by Western blots to detect SM α-actin and β-tubulin. REFs were cultured in the same way, then stimulated with IGF-1 plus 3 ng/ml ET-1 (B), 15 μM S1P (C), 3 nM thrombin (D), or 10 ng/ml TGF-β (E). Total RNA was isolated for real-time PCR analysis. In each case, MMP-2 up-regulation in response to IGF-1 was significant (P < 0.001) as assessed by one-way ANOVA with Tukey's Multiple Comparison test; no significant differences were observed between IGF-1 + ET-1, thrombin, or S1P versus ET-1, thrombin, or S1P alone. Co-stimulation with IGF-1 + TGF-β resulted in a significant difference versus TGF-β alone or IGF-1 alone (P < 0.001 in both cases; n = 6). F, MMP-2 in culture media was detected by gelatin zymography. Fig. 5 -IGF-1 stimulates a reduction in focal adhesion size and stress fibers in REFs. Fibroblasts were grown on glass coverslips, serum-starved for 48 h, then stimulated in fresh serum-free medium supplemented with 25 ng/ml IGF, 3 ng/ml ET-1, 10 ng/ml TGF-β, and combinations of factors. Cells were fixed 24 h later, and stained with phalloidin and anti-vinculin antibody. Scale bar = 50 μm. Fig. 6 -Jasplakinolide blocks IGF-1-mediated MMP-2 up-regulation. A, REFs were grown to confluence in serum-containing medium, then incubated with Jasp (0.5 μM) for 24 h in fresh, serum-containing medium. Total RNA was isolated for real-time PCR analysis. Values represent the mean +/− average deviation from the mean (n = 3); significance was determined by unpaired, two-tailed Student's t-test. B, REFs were grown to confluence, serum-starved for 48 h, then pre-incubated with Jasp (0.5 μM) for 15 min in fresh serum-free medium. They were then stimulated for 24 h with 25 ng/ml IGF-1. Total RNA was isolated for real-time PCR analysis. MMP-2 up-regulation was significantly different between IGF-1-stimulated and non-stimulated or Jasp-treated cultures (P < 0.001) as assessed by one-way ANOVA with Tukey's Multiple Comparison test (n = 9). the addition of F-actin depolymerizing agents such as Lat B to 2-D cultures or by culturing cells in non-attached 3-D lattices that prevent the generation of force. In contrast, physiological factors that promote fibroblast contraction, like ET-1, thrombin, or S1P, all suppressed MMP-2 expression and blocked its up-regulation in response to IGF-1, a factor that promotes fibroblast migration. Jasplakinolide, which promotes F-actin assembly, also suppressed MMP-2 gene expression. However, while it appears that a highly contractile phenotype suppressed MMP-2 expression, the loss of contractility alone was not sufficient to promote MMP-2 upregulation. Stimulating cells with the actin depolymerizing agent, Lat B, in the absence of other stimuli, caused contractile protein down-regulation, but did not up-regulate MMP-2 expression (see Fig. 2 ). In the presence of serum, which contains a variety of factors capable of up-or down-regulating MMP-2, Lat B increased MMP-2 expression, presumably by shifting the balance of signals away from contractility, leading to increased MMP-2 transcription. We propose the model depicted in Fig. 8 , in which mechanical regulation of actin dynamics modulates MMP-2 expression. Serum or pro-contractile GPCR ligands promote mechanical tension, which in turn promotes the increased expression MRTF-regulated contractile genes. This leads to conditions that favor F-actin formation and a myofibroblast phenotype. By a mechanism not yet clear, this phenotype suppresses MMP-2 expression. In contrast, conditions that favor F-actin depolymerization and thus increase G-actin levels, permit MMP-2 upregulation, but only in the presence of appropriate stimulatory signals. IGF-1 can provide these signals. TGF-β acts as a mediator of contractile protein gene expression, but, as discussed later, may also stimulate MMP-2 expression under conditions that prevent myofibroblast formation.
Previous work by us and others strongly suggests that MMP-2 activation, and perhaps expression, is regulated by changes in the actin cytoskeleton. In our model, increased expression of MMP-2 required a decrease in cell tension; this decreased tension also promotes increased MMP-2 activation by fibroblasts, as we have reported earlier [26] . Others have shown, in endothelial cells, that increased Rho activation, which increases cell tension, leads to decreased MMP-2 expression and activation [40] . Co-culturing keratinocytes with fibroblasts leads to increased force generation and decreased MMP-2 expression by the fibroblasts [41] . In NIH3T3 cells, over-expression of the heat-shock protein, Hsp27, which promotes actin assembly and increased focal adhesion size, also decreases the amount of secreted MMP-2 [42] . In contrast, increased Rac activation, typically associated with reduced tension and increased migration, induces MMP-2 activation and cell invasion by HT1080 fibrosarcoma cells [43] . These studies support our model of F-actin-mediated suppression of MMP-2 upregulation.
There are, however, a number of seemingly contradictory findings with regard to cell stress and MMP-2 expression. Other studies have shown, paradoxically, that Gα12/13 activation in NIH3T3 cells, which would be expected to promote Rho activation and stress fiber assembly, can increase MMP-2 expression [44] . Also in contrast to our study, ET-1 has been observed to increase MMP-2 expression and cell migration in colon cancer stromal fibroblasts [45] . Cyclic stretch in 2-D cultures induces MMP-2 expression by both fetal [46] and scleral fibroblasts [47] . Cyclic stress of cardiac fibroblast cultures increased cell proliferation, myofibroblast differentiation, and contractility, in parallel with increased MMP-2 expression [48] . These increases in MMP-2 expression appear to arise as the result of a mechanism(s) that is independent of changes in the actin cytoskeleton. For example, static stress up-regulates MMP-2 message levels in atrial myocytes, but this is dependent on the production of endogenous angiotensin, and can be inhibited by losartan, an inhibitor of Angiotensin-II type 1 receptors [49] . In 3-D collagen gels populated with lung airway fibroblasts, cyclic strain modestly increases both MMP-2 and SM α-actin expression [50] . While additional work will be needed to resolve the apparent differences seen in the various models, it should be appreciated that fibroblasts exposed to exogenous mechanical stresses respond very differently than do fibroblasts generating isometric contractile force on a non-deformable substratum [51] . Exogenous stretch activates mechanoreceptors and ion channels and promotes reorganization of the actin cytoskeleton, which does not occur with generation of isometric contractile force on a non-deformable substratum. In addition, fibroblasts in a 3-D tethered collagen lattice will, over time, reorganize the collagen matrix such that collagen fibrils align along lines of tension, resulting in a stabilized substratum and the generation of isometric contractile force. Again, this generates a very different response than exposure to exogenous stretch. As fibroblasts remodel a collagen matrix, they use tractional forces [36] . Dermal fibroblasts cultured in attached 3-D collagen lattices increase MMP-2 expression as matrix stiffness is increased during the early period of tractional remodeling [52] . Over time, they exert tension, and this results in the transition to a myofibroblast phenotype. In our studies, we used a 3-D lattice model to measure changes in MMP-2 levels in mature lattices five days after seeding. This results in the build-up of tension, which suppresses MMP-2 expression. Releasing such a lattice rapidly reduces tension, and promotes increased MMP-2 expression, as we demonstrate here.
Our findings are consistent with a mechanism by which the Fto-G-actin ratio governs MMP-2 message levels, much as it does In contrast, IGF-1 and other pro-migration factors supply a critical signal that is required for MMP-2 up-regulation. However, this up-regulation is dependent on the reduction of the suppressive signals produced by the mechanical tension/SRF/myofibroblast axis. This can be modeled by the addition of Lat B, which promotes G-actin formation. Alternatively, promoting F-actin formation using Jasplakinolide restores MMP-2 suppression. TGF-β also promotes myofibroblast differentiation via pathways distinct from those activated by GPCR ligands. However, in the absence of MRTF-A and B, TGF-β promotes MMP-2 up-regulation, suggesting that the signaling pathways downstream of TGF-β are modulated by contractile protein gene expression.
for contractile protein markers such as SM α-actin. In fibroblasts, SM α-actin is co-regulated with a number of other contractile proteins in response to changes in MRTF-A and -B nuclear localization via a mechanism involving SRF [16, 39] . However, our data show that, while the suppression of MMP-2 levels hinges on the formation of F-actin, it does not appear to be directly linked to the mechanisms that regulate contractile protein expression. First, stimulating fibroblasts with Lat B resulted in the rapid loss of contractile protein expression, but caused only a modest increase in MMP-2 expression. Second, IGF-1 stimulated a rapid increase in MMP-2 expression, but elicited only a modest decrease in SM α-actin levels. Finally, knocking down the SRF cofactors, MRTF-A and B, consistently decreased expression of SM α-actin, but increased MMP-2 expression only in the presence of TGF-β. Furthermore, under serum-free conditions in the absence of TGF-β, MMP-2 levels were not increased in spite of the loss of SM α-actin. Together, these findings argue against a direct coupling of the SRF/MRTF axis and MMP-2 regulation, but rather suggest that MMP-2 expression is suppressed indirectly through the ability of the SRF-mediated signaling to influence the myofibroblast phenotype.
We have previously shown that MMP-2 up-regulation by VSMCs requires the activation of one or more positive signals and the loss of inhibitory signals [25] . In fibroblasts, one such inhibitory signal appears to depend on the actin cytoskeleton. However, our findings with TGF-β suggest that other, cytoskeleton-independent signals may also be involved. When we co-stimulated fibroblasts with IGF-1 plus TGF-β, we found that MMP-2 levels reflected a balance between positive and negative signals elicited by IGF-1 and TGF-β, respectively. In contrast, TGF-β-mediated increases in SM α-actin occurred regardless of the presence of IGF-1, indicating that TGF-β effects on SM α-actin expression are mediated by a mechanism distinct from TGF-β's effects on MMP-2 expression. Previous work shows that contractile protein gene expression requires the presence of active TGF-β [7] , and that TGF-β promotes the contractile phenotype in both myofibroblasts and VSMCs [1, 53] . In fibroblasts, we observe decreased MMP-2 expression in response to TGF-β. This is consistent with findings by others showing that endogenous TGF-β blocks TNF-α-stimulated up-regulation of MMP-2 expression in lung fibroblasts [54] . In VSMCs, decreased expression of TGF-β leads to increased MMP-2 expression [25] . Introducing a dominant negative TGFβRII construct into hepatic stellate cells decreases MMP-2 expression [55] . However, the effects of TGF-β on fibroblast phenotype can vary. Early studies linked TGF-β with increased MMP-2 expression by fibroblasts [56] . Fibroblasts stimulated with TGF-β in the presence of serum show increased SM α-actin and MMP-2 levels [57] . One possibility that could explain the diverse effects of TGF-β on MMP-2 production by fibroblasts is differential effects of Smad2 versus Smad3. Whereas Smad3 has been linked to fibrosis and matrix production, Smad2 is thought to oppose these actions and may itself promote MMP-2 expression in fibroblasts [58, 59] .
Recently, it was suggested that TGF-β acts through a temporally delayed mechanism to stimulate myofibroblast formation [60] . This mechanism involves early Rho activation, which induces stress fiber formation, which in turn leads to increased MRTF-Adriven contractile protein expression. This same study found a more rapid induction of myofibroblast-like characteristics in response to GPCR ligands. This is similar to our findings that GPCR ligands such as ET-1, S1P, or thrombin consistently suppressed MMP-2 expression regardless of the presence of IGF-1. The ability of Lat B to completely reverse this suppression argues strongly for a mechanism linked to the actin cytoskeleton. TGF-β, on the other hand, only partially suppressed MMP-2 expression in the presence of IGF-1, and Lat B only partially reversed the down-regulation of MMP-2 expression induced by TGF-β alone. Thus, while both ET-1 and TGF-β reversed the loss of stress fibers and focal adhesions seen in IGF-1-stimulated fibroblasts (see Fig. 5 ), TGF-β appears to stimulate additional, cytoskeleton-independent signals that suppress MMP-2 expression. This is consistent with what is known about myofibroblast differentiation, which requires both force transduction plus TGF-β [51, 61] . Moreover, in the absence of MRTF-A/B, we found that TGF-β alone can promote MMP-2 expression (Fig. 7) , suggesting that it can provide both positive and negative signals that influence MMP-2 expression. This may explain its pleiotropic effects, both in our hands and in previous studies by others. Clearly, additional studies into the mechanism of the mechanical regulation of MMP-2 are needed.
Conclusions
MMP-2 is up-regulated as fibroblasts transition away from a myofibroblast phenotype. The reduced expression of contractile proteins and the reduction of cell tension are prerequisites for MMP-2 up-regulation. Factors that promote cell tension, including serum factors, TGF-β, pro-contractile GPCR ligands, or culturing cells in collagen lattices under tension, down-regulate MMP-2. Forcing F-actin formation with Jasplakinolide results in downregulation of MMP-2. In contrast, inducing actin depolymerization, either through the presence of the actin depolymerizing agent, Lat B, or by culturing fibroblasts in compliant collagen lattices, results in elevated MMP-2 expression. In most cases, the expression of the contractile protein marker, SM α-actin, is regulated inversely to MMP-2. Knocking down the expression of the SRF co-activators, MRTF-A and MRTF-B, results in the down-regulation of SM α-actin and the up-regulation of MMP-2, but this regulation is not seen in serum-free conditions. Therefore, the regulatory mechanisms that govern the expression of these two genes lead to reciprocal changes in expression, but do not appear to be directly linked. Rather, changes in the mechanical properties of the cell regulate MMP-2 expression through previously unidentified mechanisms. Why such a mechanism exists is not clear, but a mechanically mediated suppression of pro-migratory genes, particularly proteinases, might act as a fail-safe mechanism to prevent unwanted matrix turnover until cells are fully committed to a migratory phenotype. It would also make a migratory versus a contractile phenotype mutually exclusive. 
